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THE CHARACTERIZATION OF AN ESCHERICHIA COLI PLASMID DETERMINANT THAT ENCODES 
FOR THE PRODUCTION OF A HEAT-LABILE ENTEROTOXIN 

WALTER S. DALLAS, STEVE MOSELEY, AND STANLEY FALKOW 

Department of Microbiology & Immunology, School of Medicine, University of 
Washington, Seattle, Washington 98195 

INTRODUCTION 

Certain strains of Escherichia coli are the etiologic agents for non-invasive 

1 2 

gastroenteritis in man and young animals * . The disease is cholera-like in 

nature and the causative agents have been shown to elaborate one or two entero- 

3 

toxins . These E. coli also produce an adhesin that enables them to colonize 
the upper small bowel 4 , a site not normally inhabited by E. coli . In many of 
these enterotoxigenic E. coli, the genetic determinants for toxigenicity and 
adherence have been shown to be part of . plasmids^. Smith et al.^ used the 
transmissible nature of these plasmids to study the contribution of each virul- 
ence factor to the pathogenesis of the disease in piglets. They concluded 
that both virulence factors were necessary for the manifestation of the disease. 
They also reported that the introduction of the two virulence factors into wild- 
type E. coli sometimes created a fully pathogenic strain. 

Enterotoxigenic E. coli have been shown to make two distinct enterotoxins, 

ST and LT . These toxins are discernable by several characteristics including 

p 

biological activity, immunogenicity , and relative heat stability . Burgess 

et al. 7 have reported that there are two distinct ST's that can be discerned 

by biological assays. STa elicits fluid accumulation in suckling mice while 

STb is only active in weaned piglets and rabbit li gated* loops. Alderete et al. 8 

have reported STa to be a low molecular mass protein ( 5,100 daltons). LT is 
2 

a larger protein that shares several characteristics with the toxin made by 

Vibrio cholerae. Both toxins have been shown to have an ADP-ribosylating 

activity (M. Gill personal communication) and they both stimulate adenyl 

9 10 

cyclase in eukaryotic cells ' . LT and cholera toxin also show partial immuno- 

11 12 

logical cross-reactivity and have similar membrane receptors . 
13 

Smith et al . first used the term Ent to describe enterotoxin encoding 

plasmids. Ent plasmids can encode LT only, ST only, and both LT and ST 2 . So 
14 

et al. showed that LT + ST plasmids constituted a homogeneous group of 
extrachromosomal elements that had similar mole fraction guanine + cytosine, 
molecular mass (about 60 Mdal), and DNA sequence homology. On the other hand, 
ST plasmids were found to constitute a disparate group of plasmids. Following 
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the successful isolation of the ST genetic determinant in our laboratory , 
So et al. 16 reported that the ST genetic determinant was part of a transposon 
that was flanked by inverted and repeated IS1 elements. 

We have been interested in exploring the relatedness of the LT gene(s) from 
enterotoxigenic E. coli strains isolated from humans and animals. In our work 
we studied an LT.gene(s) that was cloned from an Ent plasmid isolated from an 
E. coli strain pathogenic for piglets 17 . During the course of our work, we 
determined that LT was a multimeric toxin. The 25,500 dalton subunit was 
shown to have an adenyl cyclase stimulating activity and the 11,500 dalton 
subunit an adsorption activity. The cistrons that encoded these proteins were 
located on a genetic map of the LT DNA region. We used, as a hybridization 
probe, a DNA fragment that contained all of the 11,500 dalton protein cistron 
and approximately 10% of the 25,500 dalton protein cistron to study the 
sequence homology among LT genes of different origins. Our results indicated 
that LT genes have similar structures but they are not identical. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. The E. coli sublines used in this study 
have been described in detail previously 17,18 . The plasmids have also been 
described 

Recombinant DNA methods. Agarose gel electrophoresis, restriction endo- 
nuclease cleavage reactions, and polynucleotide ligase conditions have been 
described by So et al. 17 . The experiments reported here were performed under 
P2-EK1 conditions as specified in the NIH Guidelines for Recombinant DNA 
Research. 

Protein synthesis in mini cells. E. coli mini cells were isolated from 
E. coli DS410 and the plasmid-specified proteins were labelled as described by 
Dougan et al. 18 . Labelled minicells were analyzed by the electrophoretic 
method of Studier 20 . Staphylococcus-antibiody-antigen reaction conditions have 

21 

been described previously . 

Adenyl cyclase assays. Adenyl cyclase stimulating activity was determined by 
D. M. Gill using a method that has been described . 

Hybridization reactions. DNA was labelled by nick translation as described 
by Rigby et al. 22 . Colony filter hybridizations were performed as described 
by Grunstein 23 . Filter blot hybridization reactions were performed as described 
by Southern 24 and modified by Botchan et al. . 
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RESULTS 



The LT genetic determinant was initially isolated on a 5.8 Mdal DNA frag- 
ment 17 and was subsequently joined to the carrier plasmid, pBR313. Normally 
the LT gene(s) is found in enterotoxigenic E. coli in one or two copies per 
chromosome equivalent. The cloned LT DNA fragment was found to be present at 
approximately 20 copies per chromosome equivalent. Laboratory E. coli strains 
harboring the cloned toxin gene(s) were found to be hypertoxin producers 
presumably as a result of gene amplification. A more precise location of the 
LT genetic determinant within the cloned DNA was established by introducing 
deletions into the plasmid. Specific DNA fragments were deleted from the 
plasmid by making partial plasmid digests with a restriction enzyme followed 
by rejoining the DNA fragments with ligase (Figure 1). We were able to isolate 



Fig. 1. Hindlll cleavage of EWD022 and Hindlll generated deletion plasmids. 
Plasmid DNA was purified, cut with Hindlll, and electrophoresed through a 
vertical U agarose gel: (A) EWD306, (B) EWD022, (C) EWD300. The + or - 
indicates if the plasmid encoded functional LT as measured in the Y-l adrenal 
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cell tissue culture assay °. Both EWD300 and EWD306 were derived from EWD022 
by deleting a Hindi 1 1 DNA fragment. 

deletions which spanned the entire cloned DNA region. The effect of each 
deletion on LT expression was determined by using a tissue culture assay for 
LT^6. in this system, Y-l adrenal cells change shape from cubic to round in 
the presence of a functional LT. Using this type of analysis, we identified a 
1.2 Mdal region that contained the LT genetic determinant (Figure 2). Deletions 
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Fig. 2. Schematic diagram of restriction enzyme recognition sites in EWD022. 
Deletions that extended into the region bounded by the Hindlll and Hindi sites 
resulted in the loss of the LT + phenotype. 



in this region resulted in the loss of the LT + phenotype. The 1.2 Mdal region 

had a coding capacity for about 600 amino acids. This can be considered as an 

upper size limit for an LT of single subunit composition. 

The protein products encoded by the LT DNA region were identified using 

27 

minicells as an in vivo protein synthesizing system . EWD299 is a deletion 
plasmid that contained only the 1.2 Mdal LT DNA region. Analysis of this 
plasmid in minicells revealed that twelve proteins were encoded by the plasmid 
(Figure 3). The LT proteins were identified in minicell extracts by using an 

anti-serum prepared against a crude LT preparation. Since the amount of protein 
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Fig. 3. Autoradiograph of a polyacryl amide gel containing total EWD299 encoded 
proteins and proteins that react with anti-sera. A cytoplasmic-periplasmic 
fraction from minicells containing EWD299 was mixed with anti-sera and formal- 
ized S. aureus. The cells were pelleted through 1M sucrose, boiled in final 
sample buffer, and electrophoresed through a 10-15% linear gradient SDS-poly- 
acrylamide gel: (A) anti-cholera toxin serum, (B) anti-cholera toxin subunit 
B serum, (C) anti-LT serum, (D) total EWD299 encoded proteins. Two proteins, 
25. 5K and 11. 5K,. were found to react specifically with all three anti-sera. 
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made in minicells is too small to be separated from other antigens by irrmuno- 

precipitation, Staphylococcus aureus Cowan strain I was used to isolate anti- 

28 

gen-antibody complexes ♦ Tertiary complexes of S. aureus-Ab-Ag are formed 
and these aggregates can be separated from unreacted antigens in a minicell 
lysate by pelleting the reaction mixture through 1M sucrose. A protein 26K 
in mass was found to bind non-specifically to the S. aureus cells. Two other 
proteins 25. 5K and 11. 5K in mass were complexed in the presence of anti-LT 
serum. Both of these proteins were also complexed in the presence of anti- 
cholera toxin subunit B serum. These results indicated that LT was composed 
of two distinct subunits, at least one of which immunologically cross-reacted 
with cholera toxin subunit B. 

LT has been shown to have two separate activities: an adsorption activity 
for certain eukaryotic cell membranes and an adenyl cyclase stimulating (ACS) 
activity. ACS activity can be measured independently in pigeon erythrocyte 
lysates (PEL) 10 . Most of the ACS activity in extracts from strains harboring 
EWD299 migrated in SDS-polyacryl amide gels at a molecular mass of 25. 5K 
(Figure 4). A smaller peak of activity was identified at a mass of 21. 5K. We 




Fig. 4. Adenyl cyclase stimulating (ACS) activity encoded by EWD299. Extracts 
were prepared from strains carrying EWD299 and fractionated by 1 0-1 536 linear 
SDS-gradient PAGE. The gels were sliced into fractions, the proteins in each 
gel slice were eluted, and the preparations were assayed for ACS activity. 
A and A| indicate the migration distance of cholera toxin subunit A and A], 
respectively2S. Mb is the monomer form of myoglobin and Mb2 is the dimer form. 
This experiment was performed in collaboration with D.M. Gill and a more 
complete description of this collaborative work will appear elsewhere. 
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now have evidence that indicated that the smaller molecular mass activity was 
a breakdown product of the 25. 5K protein (data not shown), the tissue culture 
assay for LT required both the adsorption activity and the AGS activity. 
Therefore, strains that had ACS activity but were not. positive in tissue 
culture would be deficient in adsorption activity. Analysis of the deletion 
plasmids revealed that the 11. 5K protein perfectly correlated with adsorption 
activity. These results indicated that LT was a miiltimeric toxin composed of 
a 25. 5K protein that had ACS activity and an 11. 5K protein that had an adsorp- 
tion activity. We also have evidence which indicated that the holotoxin was 
composed of one 25. 5K subunit and five 11. 5K subunits. 

We have been able to locate the relative positions of the two LT cistrons 
on a genetic map of the LT DNA region (data not shown). A 0.5 Mdal Hindi I I 
DNA fragment was identified and shown to encompass all of the 11. 5K protein 
cistron and approximately 10% of the 25. 5K protein cistron. This DNA fragment 
was used as a nucleic acid hybridization probe to determine the relatedness of 

LT genes of diverse origins. Initially, we wanted to determine if Ent plasmids 

23 

could be detected by the colony filter blot hybridization technique . Our 
results demonstrated that LT genes present at a concentration of one or two 
copies per chromosomal equivalent could be detected by colony filter hybrid- 
ization (Figure 5). Furthermore, all LT 1 " E. coli isolates tested were found 
to hybridize to the probe. These preliminary data indicated that LT genes share 
significant sequence homology. The colony hybridization method 

may prove useful for studying the epidemiology of LT enterotoxigenic E. coli. 

To more precisely determine the degree of homology among LT genes, we chose 
four Ent plasmids to study in detail. Two of the plasmids were isolated from 
E. coli pathogenic for humans and the other two were isolated from porcine 
strains. One of the porcine Ent plasmids was P307, the plasmid from which the 
hybridization probe was isolated. The other porcine Ent plasmid was pCG86 30 . 

Plasmid DNA was purified from each strain, cut with Hindi 1 1 » and hybridized to 

24 

the H1ndII I probe by the method of Southern . Only one DNA fragment in each 
of the four samples hybridized to the probe and in all cases the fragment was 
0.5 Mdal in size (data not shown). This result indicated that most, if not all, 
of the Hindlll DNA portion of the LT DNA region was conserved among the Ent 
plasmids. We performed the same type of analysis using six different restric- 
tion enzymes. In this way, we studied the internal structure of the common 
Hindlll fragment. For example, the Hindi I I probe was found to contain a single 
Smal site. Therefore, cleavage of P307 with Smal (followed by blotting and 
hybridization) resulted in the appearance of two DNA bands that hybridized to 
the probe (Figure 5). Using enzymes that cleaved within the hybridization 
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Fig. 5. Colony filter hybridization of LT and LT" E. coli. The 0.5 Mdal 
Hindlll fragment was isolated and labelled with 32p by nick translation and 
hybridized to colonies that were lysed onnitrocellulose filters: (A) P307, the 
Ent plasmid from which the LT genetic determinant was cloned; (B) C600, an LT~ 
laboratory strain; (C) H10407, an LT* strain pathogenic for humans; (D) a 
spontaneous LT" derivative of H10407; (E), (F), (G) LT + strains pathogenic for 
humans. 

probe, we could determine if these sites were conserved in all the Ent plasmids. 
Similarly by using enzymes that did not cleave within the hybridization probe, 
we could determine if new restriction enzyme sites were present in the LT DNA 
region of the Ent plasmids (Figure 6). From this analysis, we determined that 
the human Ent plasmids apparently demonstrated a small degree of structural 
divergence when compared to each other and to the hybridization probe. One 
human Ent plasmid was found not to have an Smal site within the common Hindlll 
fragment (Figure 6) and the other human Ent plasmid did not have an EcoRI site 
within the common Hindlll fragment (data not shown). However, an enzyme that 
produced two DNA fragments of equal size both of which hybridized to the probe 
would appear as a single fragment in this type of analysis. Initially, the 
two porcine Ent plasmids appeared to have LT genetic determinants with very 
different structures.: With five of the enzymes, pCG86 was found to; have one 
extra DNA fragment that hybridized to the probe when compared to, P^07.; f However, 
all but the "extra" :DNA fragment were found to be the same molecular- mass, as ' 
the corresponding restricted P307 DNA. fragment (s) . This unexpected 'observation 
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Fig. 6. Autoradiographs of Southern blots of restricted Ent plasmids. The 
DNA in the first autoradiograph was cut with Smal. The order of the samples 
is (1) P307, (2) pCG86, (3) and (4) human Ent plasmids. The DNA in the second 
autoradiograph was cut with BamHI. The order of the samples is (1) and (2) 
human Ent plasmids, (3) pCG86, (4) P307. 

can best be accomodated by a model in which all or part of the LT DNA region is 
duplicated in pCG86. We have other evidence that the LT DNA duplication 
probably occurs as an inverted and repeated sequence. Confirmation of this 
hypothesis awaits heteroduplex analysis. The similarity or divergence of the 
sequences adjacent to the LT DNA region is indicated by the sizes of DNA frag- 
ments that hybridized to the probe. A comparison of the sizes of the hybridized 
fragments of P307 and pCG86 indicated that the DNA sequences adjacent to the 
LT DNA region in each of these plasmids are the same (Figure 6). In contrast, 
the human Ent plasmids differed markedly from each other and from the porcine 
Ent plasmids with respect to the sequences adjacent to the LT DNA region. By 
analyzing more human and porcine Ent plasmids, we will be able to determine if 
indeed the porcine Ent plasmids constitute a homogeneous group and the human 
Ent plasmids a heterogeneous group as the preliminary data indicated. 

Acknowledgements V-j ' 

The work reported in this paper was supported by the National Institutes ;V- 
of Allergy and Infectious Diseases grant All 0885-07 and contract DADA17-72-C- 
2149 from the Army Research and Development Command. W.D. and S.M. were 
supported by a Biological Infection Training Grant 1 T32 Al 07149-01 from the ; 
National Institutes of Health. 



© 1979 . 
Ptasmids 

References 

1. Moon, H. W. (1974) Adv. Vet. Sci . Compar. Med., 18, 179-211. PLAS |v 

2. Sack, R. B. (1975) Ann. Rev. Micro., 29, 333-353. a . HAE 

3. Gyles, C. L. and Barnum, D. A. (1969) J. Infect. Dis., 120, 419-426. 

4. Smith, H. W. and Jones, J. E. T. (1963) *J. Pathol. Bacterid., 86, 387-412. w> Gc 

5. Gorbach, S. L. (1971) Gastroenterology 60, 1110-1129. I nst i 

6. Smith, H. W. and Linggood, M. A. (1971) J. Med. Microbiol 4, 467-485. Ro nt c 

7. Burgess, M. N. , Bywater, R. J., Cowley, C. M., Mullan, N. A., and Newsome, 

P. M. (1978) Infect. Immun., 21, 526-531. INjR( 

8. Alderete, J. F. and Robertson, D. C. (1978) Infect. Immun., 19, 1021-1030. H ; 

9. Gill, D. M. and King, C. A. (1975) Biochemistry, 15, 1242-1248. wide 

10. Gill, D. M. , Evans, D. J., Jr., and Evans, D. G. (1976) J. Infect. Dis. b aS v 

Suppl . , 133, S103-S107. cell; 

11. Clements, J. D. and Finkelstein, R. A. (1978) Infect. Immun., 22, 709-713. been 

12. Holmgren, J. (1974) Infect. Immun., 8, 851-859. as i 

13. Smith, H. W. and Halls, S. (1968) J. Gen. Microbiol., 52, 319-334. memb 

14. So, M. , Crosa, J. H., and Falkow, S. (1975) J. Bacteriol., 121 , 234-238. haen; 

15. So) M. , Boyer, H. W., Betiach., M. , and Falkow, S. (1976) J. Bacteriol., secr 

128, 463-472. assc 

16. So, M. , Heffron, F. and McCarthy, B. J. (1979) Nature, 277, 453-456. Et c - 

17. So, M., Dallas, W. S. and Falkow, S. (1978) Infect. Immun., 21, 405-411. anin 

18. Dougan, G. and Sherratt, D. (1977) Molec. Gen. Genet., 151, 151-160. encc 

19. Bolivar, F., Rodriguez, R., Betiach, M., and Boyer, H. W. (1977) Gene, ider 

2, 95-113. base 

20. Studier, F. W. (1973) j. Mol . Biol. 79, 237-248. intc 

21. Dallas, W. S. and Falkow, S. (1979) Nature, 277, 406-407. agar 

22. Rigby, P. W. J., Dieckmann, M. , Rhodes, C. , and Berg, P. (1977) J. Mol. gent 

Biol., 113, 237-251. due 

23. Gruenstein,M. S. and Hogness, P. (1975) Proc. Natl. Acad. Sci. USA, 72, efff 

3961-3965. * we \ 

24. Southern, E. M. (1975) J. Mol. Biol. , 98, 503-518. the 

25. Botchan, M. , Topp, W. , and Sambrook, J. (1976) Cell, 9, 269-287. a . h; 

26. Donta, S. T., Moon, H. W., and Whipp, S. C. (1974) Science, 183, 334-335. clu . 

27. Frazer, A. C. , and Curtiss, R. Ill, (1975) ..Curr. Topics Microbiol. 

Immunol., 69, 1-84. MAT 

28. Kessler, S. W. (1975) J. Immunol., 115, 1617-1624. 

29. Finkelstein, R. A. (1976) in Mechanisms in bacterial toxinology. John ( No 

Wiley & Sons, New York pp 53-84. 

30. Gyles, C. L., Palchaudhuri , S. , and Maas, W. K. (1977) Science, 198, 

198-199. 



